We report an experimental and theoretical lattice dynamics study of 
Abstract.
We report an experimental and theoretical lattice dynamics study of bismuth telluride (Bi 2 High-pressure studies are very useful to understand materials properties and design new materials because the increase in pressure allows to reduce the interatomic distances and to finely tune the materials properties. It has been verified that the thermoelectric properties of semiconductor chalcogenides improve with increasing pressure and that the study of the properties of these materials could help in the design of better thermoelectric materials by substituting external pressure by chemical pressure [14] [15] [16] [17] [18] . Therefore, the electrical and thermoelectric properties of Sb 2 Te 3 , Bi 2 Te 3 , and Bi 2 Se 3 , as well as their electronic band structure, have been studied at high pressures [19] [20] [21] [22] [23] [24] [25] [26] [27] . In fact, a decrease of the bandgap energy with increasing pressure was found in Bi 2 Te 3 [19, 20] . Furthermore, recent high-pressure studies in these compounds have shown a pressure-induced superconductivity [28, 29] that has further stimulated highpressure studies [30] . However, the pressure dependence of many properties of these layered chalcogenides is still not known. In particular, the determination of the crystalline structures of these materials at high pressures have been a long puzzle 
II. Experimental details
We have used single crystals of p-type Bi 2 Te 3 that were grown using a modified Bridgman technique. A polycrystalline ingot was synthesized by the reaction of stoichiometric quantities of the constituting elements (5N). Afterwards, the polycrystalline material was annealed and submitted to the growth process in a vertical Bridgman furnace. Preliminary room temperature measurements on single crystalline samples (15mm x 4mm x 0.3mm) yield in-plane electrical resistivity  c =1. integration were performed in order to obtain very well converged energies and forces.
At each selected volume, the structures were fully relaxed to their equilibrium configuration through the calculation of the forces on atoms and the stress tensor. In the relaxed equilibrium configuration, the forces on the atoms are less than 0.002 eV/Å and the deviation of the stress tensor from a diagonal hydrostatic form is less than 1 kbar (0.1 GPa). Finally, we want to mention that we have also checked the effect of the spinorbit (SO) coupling in the structural stability and the phonon frequencies of the different phases. We have found that the effect of the SO coupling is very small and didn't affect our present results (small differences of 1-3 cm -1 in the phonon frequencies at the  point), but increased substantially the computer time so that the cost of the computation was very high for the more complex monoclinic high-pressure phases, as already discussed in Ref. Consequently, the optical bandgap has been determined by fitting a calculated transmittance to the experimental one. We calculate the transmittance by assuming an absorption coefficient with two terms
where the first one corresponds to the free carrier contribution and the second one corresponds to the Urbach tail of the fundamental absorption edge. Equation 1 was used fit the calculated transmittance spectra to the experimental ones. The dotted line in Fig.   1 was calculated with Eq. 1 by using only A and E g as fitting parameters, being E g =159 meV at room pressure. Figure 2 shows the Bi 2 Te 3 transmittance spectrum for several pressures up to 5.5 GPa. Above that pressure the signal to noise ratio is too low to determine the optical bandgap energy. Figure 3 shows the pressure dependence of the optical bandgap of Bi 2 Te 3 , as determined from the previously described procedure. The pressure coefficient turns out to be -6.40.6 meV/GPa. This pressure coefficient of the optical bandgap is close to the value we obtained for the pressure dependence of the indirect bandgap from ab initio calculations (-10 meV/GPa). From this result it appears that, even if the sample becomes opaque at 5.5 GPa, Bi 2 Te 3 still has a finite bandgap of some 120 meV. Sample opacity above 5.5 GPa seems to be then a result of the free carrier absorption tail shifting to higher energies as the carrier concentration increases. Consequently, the sample opacity is likely caused by the overlap of the free carrier absorption tail with the fundamental absorption tail rather than a real closure of the bandgap. We have to note that our pressure coefficient of the optical bandgap is somewhat smaller in module than the pressure coefficient previously reported for the indirect bandgap: -22 meV/GPa In order to confirm our results on optical absorption we have performed highpressure reflectance measurements in a 3-m thick sample and whose results are shown in Fig. 4 . The reflectance spectrum also exhibits a large interference fringe pattern in the transparency region, with an amplitude decreasing to low and high photon energies. The reflectance spectrum at 6 GPa shows that the sample exhibits a clear onset of the fundamental absorption edge at around 120 meV and also that the free carrier absorption edge, even if it has shifted to higher energies, has not overlapped the fundamental absorption. Therefore our reflectance measurements allow us to confirm the results obtained from absorption measurements. Furthermore, the bandgap pressure coefficient, as determined from the shift of the photon energy at which interferences disappear, agrees with the one determined from the transmission spectra. At 7 GPa, a clear change in the reflectance occurs, with a large increase of the reflectance by 80% in the low energy range. A large reflectance minimum (not shown here) appears at some 
The two acoustic branches come from one A 2u and a doubly degenerated E u mode, while the rest correspond to optic modes. Gerade Table II ) and are slightly larger than those calculated including spin-orbit coupling (see Ref. 49 ).
In In our experiments we have not observed the lowest-frequency mode B g 1 . Their detection is difficult because it must be a weak intensity mode deriving from the nonobserved E g 1 mode of -Bi 2 Te 3 phase. On the other hand, the detection of the B g 3 mode is difficult because it must be very weak and maybe degenerate with the B g 4 mode.
B. Raman scattering of -Bi
Other weak modes have been observed at frequencies between 60 and 110 cm -1 at 8.4
GPa most of them forming part of broad bands. On the other hand, the six Raman modes with highest frequencies above 100 cm -1 are considerably intense and dominate the Raman spectrum. The frequencies and pressure coefficients of these high-frequency modes are in good agreement with our calculations (see Fig. 7(b) and Table III 
One A u and two B u are acoustic modes and the rest are optical modes. Therefore, we expect 15 zone-center Raman-active modes (7A g + 8B g ) for the C2/c phase.
For the sake of comparison we have marked in Fig. 8(a) Therefore, in order to ensure that these phases are consistent we have plotted in Fig.   9 (b) the pressure dependence of the Gibbs free energy difference at T = 300 K for the different monoclinic phases with respect to the R-3m, which is taken as reference. The calculated phase-transition pressure for the R-3m to the C2/m phase is 4.5 GPa, which compares with the experimental value (7.5 GPa). The calculated phase-transition pressure for the C2/m to the C2/c phase is around 9 GPa while the experimental value is around (15 GPa). As regards the last phase transition, our calculations show that the monoclinic bcc-like C2/m nine-ten structure crosses below the C2/c structure near 14
GPa. This means that in principle a phase transition from the C2/c to the monoclinic bcc-like C2/m phase could be observed at T=300K. However, we have calculated the phonons of this bcc-like phase at several pressures between 15 and 18 GPa and have found that there are phonons with negative frequencies which suggest that this bcc-like phase is not really stable at high pressures. Therefore, we conclude that it is most likely that the-Sb 2 Te 3 phase is a disordered bcc phase with Im-3m structure as already found in Bi 2 Te 3 since it is expected that the Gibbs free energy of the disordered bcc structure is even lower than that of the bcc-like C2/m phase. Finally, we must comment that it is possible that the phase transition from the C2/c to the Im-3m phase begins at much lower pressure than 20 GPa, as it is observed by powder X-ray diffraction [34], but Raman scattering cannot detect it because of the lack of Raman scattering of the latter phase.
V. Conclusions
We fits to the data using ω(P) = ω(P 0 =1 atm) + a 1 ·(P-P 0 ) and ω(P) = ω(P 0 =4 GPa) + a 1 ·(P- at room temperature at P 0 =15.5 GPa as obtained from fits using ω(P) = ω(P 0 ) + a 1 ·(P- 
